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Introduction {#s1}
============

Cholesterol absorption in the small intestine and cholesterol synthesis in hepatic and extra-hepatic tissues contribute to maintaining cholesterol homeostasis in the body. Our body loses at least 900 mg cholesterol daily and this must be compensated through diet or de novo synthesis in the body.^[@R1]^

Cholesterol metabolism in the liver {#s2}
===================================

Not only dietary cholesterol is directly transported to the liver, hepatocytes also synthesize about 60%-70% of the whole body cholesterol.^[@R2]^

Cholesterol is precursor to bile acids in the liver, steroid hormones in steroidogenic organs and Vitamin-D in subcutaneous tissue.^[@R3]^ Regarding the vital roles of cholesterol, inhibition of the cholesterol biosynthesis by statins without providing cholesterol for liver may result in inefficiency of liver.

Induction of reverse cholesterol transport (RCT) process which transfers the excess amounts of cholesterol from extra-hepatic tissues to liver and also increase in the cholesterol absorption level in the intestine can be considered as the main ways of compensation of the cholesterol insufficiency in the liver at the result of statin therapy.

Except for liver, some tissues and cells have a remarkable role in cholesterol metabolism; these include gastro-intestinal tract, adipose tissue and macrophages. The role of these tissues and cells in cholesterol metabolism have been shown in the next.

Statins induce the component of RCT {#s3}
===================================

Since there is a permanent cholesterol exchange between serum and tissues, the cholesterol of different tissues originates either from *in situ* synthesis or serum.^[@R4]^ Therefore, serum and other tissues can be considered as cholesterol sources for liver and vice versa. Peripheral cells (apart from steroidogenic and skin cells) cannot degrade cholesterol and so the excess amount of cholesterol in these cells must be exported to liver.^[@R5]^ Most of studies have emerged that statins induce different components of RCT process including the ATP binding cassette transporter-A1 (ABCA1), ATP binding cassette transporter-G1 (ABCG1), scavenger receptor Class B type I (SR-BI) and Apo-AI (see [Table 1](#T1){ref-type="table"}).

###### Effects of different statins on the components of reverse cholesterol transport and LDL metabolism in the liver

  --------------- -------------------------------------------------------------------------- -------------
  **Substance**   **Statin types**                                                           **Effects**
  Apo-A1          Pitavastatin, Atorvastatin Simvastatin,^[@R6],[@R7]^ Cerivastatin^[@R8]^   Increase
  ABCA1           Atorvastatin,^[@R9]^ Pitavastatin, Simvastatin^[@R7]^                      Increase
  HDL-C           Simvastatin,^[@R7]^ Pitavastatin, Lovastatin^[@R10]^                       Increase
  Apo-B100        Atorvastatin, Simvastatin^[@R6]^                                           Decrease
  LDL-C           Atorvastatin, Simvastatin, lovastatin^[@R6],[@R7]^                         Decrease
  LDL-R           Lovastatin, Simvastatin, Mevastatin (Compactin)^[@R11]^                    Increase
  LCAT            Simvastatin^[@R7]^                                                         Increase
  --------------- -------------------------------------------------------------------------- -------------

Abbreviations: Apo-A1: Apolipoprotein-A1, ABCA1: ATP-binding cassette transporter A1, HDL-C: high density lipoprotein cholesterol, Apo-B100: Apolipoprotein-B100, LDL-C: low density lipoprotein-cholesterol, LDL-R: low density lipoprotein-receptor, LCAT: lecithin cholesterol acyl transferase

In addition to induction of the RCT component, statins up-regulate expression of LDL-R on hepatocytes and so reduce the LDL-C in circulation. This effect of statins upon LDL-R can be considered as a feedback response by hepatocytes regarding the reduced hepatic cholesterol.

The macrophage roles in RCT and statins effect on the macrophage cholesterol efflux {#s4}
===================================================================================

Macrophages are the major scavenger of oxidized LDL-C (ox-LDL) in the body.^[@R12]^ In spite of other extra-hepatic tissues, most of studies have shown the negative effects of statins on the ABCAI and ABCG1 expression in cultured macrophages. The effect of statin on these proteins in macrophages depends on the level of cholesterol loaded in the macrophages (see [Table 2](#T2){ref-type="table"}).^[@R8]^ It has been shown that statins in cholesterol depleted macrophage down-regulate ABCA1; however, in cholesterol loaded macrophage up-regulate the ABCA1 and ABCG1expression.^[@R13]^ Statins through reduction of oxysterols which are the natural ligand for liver X receptor alpha (LXRα) -LXRs are transcription factors- down-regulate the ABCA1 and ABCG1 expression as the downstream target of LXR in the macrophages.

###### Effects of different statins on some components of reverse cholesterol transport and in the macro-phage

  ------------------------------ ---------------------------------------------------- ------------------------------------------------------------------------------------------ ------------------------------------------------------
  **Substance**                  **Cholesterol load status**                          **Statin types**                                                                           **Effects**

  Cholesterol efflux to Apo-A1   Loaded,^[@R9],[@R11]^\* non-loaded ^[@R11],[@R13]^   Atorvastatin,^[@R9],[@R13]^ Compactin^[@R11]^                                              Increase,^[@R9]^ Decrease^[@R9],[@R11],[@R13]^\
                                                                                                                                                                                 Without effect^[@R11]^\*

  ABCA1                          Loaded,^[@R9]^ non-loaded ^[@R8],[@R11]^             Atorvastatin^[@R8],[@R9],[@R13],[@R14]^, Compactin^[@R11]^                                 Increase^[@R9]^, decrease ^[@R11]^

  ABCG1                          Loaded,^[@R9]^ non-loaded ^[@R8]^                    Atorvastatin,^[@R8],[@R9],[@R14]^ Statins,^[@R14]^ Simvastatin,^[@R7]^ Compactin^[@R11]^   Increase^[@R8],[@R9],[@R11],[@R14]^, Decrease^[@R8]^
  ------------------------------ ---------------------------------------------------- ------------------------------------------------------------------------------------------ ------------------------------------------------------

Abbreviations: ABCA1: ATP-binding cassette transporter A1, ABCG1: ATP-binding cassette transporter G1.

On the other hand, a recent study showed that ABCA1 pathway in peripheral macrophages made an unremarkable contribution to HDL cholesterol loading process; it demonstrates that macrophages and other hematopoietically derived cells are not remarkably involved in lipidation of Apo-A1 via ABCA1.^[@R15]^ Also, mice lacking macrophage ABCA1 have no significant change in their plasma lipid profile. These findings show that macrophage ABCA1 plays an important role in RCT, however, the considerable amount of cholesterol efflux still occurs even in the absence of macrophage.^[@R16]^

Thus, macrophage ABCA1 does not have a major impact on the cholesterol content of HDL and liver ABCA1 plays the leading role in this regard.^[@R15]^ This means that even in the absence of statin therapy, macrophages have no a significant role in the cholesterol loading of HDL particles and subsequently RCT.

However, macrophages play an indispensable role in scavenging of ox-LDL^[@R17]^; the scavenger receptors most clearly linked to the ox-LDL uptake are Scavenger Receptor A (SR-A) and CD 36^[@R12]^ and these are responsible for 75%--90% of degradation of the acetylated/oxidized LDL.^[@R18]^ It has been demonstrated that CD36 is the major scavenger receptor for oxidized-lipoproteins.^[@R19]^ A feed-forward loop has been emerged; the higher taking levels of ox-LDL by macrophages results in the further activation of peroxisome proliferator-activated receptor-γ (PPAR-γ) which as a transcription factor perpetuates CD36 expression in spite of down-regulation of SR-AI/II; and thus potentially induces the ox-LDL uptake by macrophages.^[@R19]^ This means that macrophages internalize modified LDL through scavenger receptors. In spite of LDL-R, scavenger receptors are not reduced by the high intracellular cholesterol content. On the contrary, macrophage exposure to the high levels of ox-LDL results in up-regulation of the scavenger receptors. Hence, macrophages incubated continuously with ox-LDL are converted into foam cells.^[@R12]^

Regarding these evidences, macrophages act as an oxidized-cholesterol scavenger but not cholesterol synthesizer; thus, the main role of macrophages in cholesterol metabolism is because of the ox-LDL scavenging.

Hepatic and intestinal Apo-A1 and ABCA1 as the main components of RCT and targets of the statins {#s5}
================================================================================================

The liver and intestine ABCA1-knockout mice have the reduced levels of HDL-C by 80% and 30% respectively; this finding indicates these organs as the sources of Apo-AI synthesis, are also the main organs responsible for lapidating newly synthesized lipid-poor Apo-AI via ABCA1-mediated lipid efflux.^[@R16]^ liver and intestine have been shown to be responsible for 90%-97% of the \[^14^C\] acetate incorporated into DPS which is measurable in all tissues.^[@R20]^

ABCA1 regulates the rate-limiting step in cellular cholesterol efflux to Apo-AI; ABCG1 conducts the cholesterol efflux from macrophages to HDL-C particles.^[@R9]^ The macrophages ABCA1 efflux cholesterol to lipid-poor Apo-AI, but not HDL, whereas, ABCG1 and SR-BI efflux cholesterol to HDL, but not Apo-AI.^[@R21]^

It has been shown that the infusion of recombinant pro Apo-AI enhances the fecal excretion of bile acids derivatives.^[@R22]^ Apo-AI increases the production of HDL in serum and subsequently induce RCT process^[@R23]^ and finally provides the required cholesterol for synthesis of bile acids in the liver.^[@R24]^ Statins through induction of the Apo-AI ([Table 1](#T1){ref-type="table"}) induce the RCT.

In general, statins through up-regulation of transporters such as ABCA1 and ABCG1 increase the cholesterol load of HDL-particles by 5% to 15%^[@R25],[@R26]^ which are finally transported to the liver ([Figure 1](#F1){ref-type="fig"}). Thus statins through up-regulation of both transporters and Apo-A1 induce RCT process.
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Gain of the potential of over-production of cholesterol by extra-hepatic tissues after statins therapy {#s6}
======================================================================================================

About 70% of the LDL-R is concentrated in the liver.^[@R5]^ Statins induce further expression of LDL-R on hepatocytes, thus induce receptor-mediated uptake of LDL-C and provide additional cholesterol for hepatocytes.^[@R27],[@R28]^ Reverse cholesterol transport can be considered as a cholesterol source for liver; however, it can not completely compensate for the reduced *de novo* biosynthesis of cholesterol by statins in the liver; cholesterol biosynthesis in extra-hepatic tissues is only sufficient for normal functioning of those specific tissues.^[@R29]^ Therefore it is not clear how extra-hepatic tissues can provide such amounts of cholesterol for the liver, whereas these tissues were dependent on the hepatic derived cholesterol before statin therapy.

Statins increase the number of HDL-C particles in circulation^[@R10]^ and also induce the ABCA1 and ABCG1 expression which are the main cholesterol transporters.^[@R8],[@R30]^ Therefore, statins enhance the cholesterol load of HDL^[@R7]^ and also enhance the reverse cholesterol transport which provides cholesterol for physiologic roles of liver.

RCT reduces the cellular cholesterol content and also down-regulates the cholesterol utilization process.^[@R31]^ Regarding the effect of statins on the liver and extra-hepatic tissues, it seems statins may decrease the cholesterol pool (but not cholesterol biosynthesis) in extra-hepatic tissues through different mechanisms; First, statins up-regulate LDL-R on hepatocytes^[@R27],[@R28]^ and subsequently induce the rendering of additional LDL-C to liver instead of extra-hepatic tissues; furthermore, statins increase the number of HDL particles.^[@R30]^

Cholesterol imposes negative feedback on HMGCR at the transcriptional and translational levels and also induce degradation of HMGCR. ^[@R32]^ When the cellular cholesterol level is low, its inhibitory feedback effect on HMGCR is eliminated.^[@R33]^ On the other hand, because of the rapid transfer of cholesterol to HDL particles, cholesterol does not accumulate within the cells and the inhibitory feedback on HMG-CoA is removed. Thus, upon statin therapy the extra-hepatic tissues can gain the ability to compensate 900 mg cholesterol loss per day.

In man and other primate species the intestinal tract has a remarkable cholesterol synthesis ability,^[@R34],[@R35]^ so that intestine can synthesis cholesterol as much as liver.^[@R36]^

Fallowing the cholesterol synthesis inhibition in the liver, small and large bowel and skin increase their cholesterol synthesis considerably, so that gastrointestinal tract and skin accounts for 39% and 44% of the total cholesterol synthesis respectively. However, epithelial barrier of the skin and continuous desquamation of hair, epithelial cells and sebum reduce the role of skin in providing circulatory cholesterol.^[@R35]^ Although, the liver and intestine ABCA1 transporters are vital for lapidating of lipid-poor Apo-AI, further cholesterol transferring and stabilizing of HDL are conducted by other tissues such as adipose tissue -the major pool of free cholesterol in the body.^[@R16]^ The role of different organs in cholesterol biosynthesis has been shown in [Table 3](#T3){ref-type="table"}.

###### Role of different tissues in cholesterol biosynthesis

  ------------------------ --------------------------------------------------------------------------------------------------------------------------------------------
  **Organ**                **% Cholesterol/sterol synthesis**

  Intestine                60-70 circulatory cholesterol in subjects with a high cholesterol diet.^[@R36]^\
                           Ileum has ability of cholesterol synthesis equal to 65% of cholesterol synthesis in the liver.^[@R37]^\
                           With marked suppression of hepatic cholesterologenesis, small and large bowel account for 31% of the total sterol synthesis.^[@R35]^

  Liver                    54%^[@R20]^

  Skin                     With marked suppression of hepatic cholesterologenesis, skin accounts for 44% the total sterol synthesis.^[@R35]^

  Liver+ astrointestinal   90% of whole body cholesterol synthesis^[@R37]^\
                           90%-97% of the \[14C\] acetate incorporation to DPS^[@R20]^

  Adipose tissue           It is the major cholesterol storage in the body. In obesity over half of the total body cholesterol may reside within this tissue.^[@R38]^
  ------------------------ --------------------------------------------------------------------------------------------------------------------------------------------

In conclusion, statins mostly through reduction of cholesterol synthesis in hepatocytes alter the physiologic cholesterol balance between liver and extra-hepatic tissues; extra-hepatic tissues may synthesize additional cholesterol in order to reestablish this equilibrium.

Aside from *de novo* biosynthesis of cholesterol, further absorption of cholesterol in intestine can be regarded as a further mechanism of the cholesterol insufficiency compensation in the liver.

Muscles and adverse effects of statins {#s7}
======================================

Skeletal muscles comprise the major part of the body (∼50% of the total body Mass). They are the major site of metabolic activities and energy production.^[@R39]^ Therefore, myocytes may have less active metabolic pathways beyond the energy production and protein synthesis.

Thus, it is possible statins cause a severer cholesterol deficiency in skeletal muscle than other organs and tissues.

Regarding the remarkable role of cholesterol as a vital component of all cell membranes and also being precursor to numerous biological substances, cholesterol reduction by statins may influence the function of the all cellular membranes such as the sarcoplasmic reticulum and so affects the mechanisms involved in Ca^2+^ movements.^[@R40]^

In addition to cholesterol, mevalonate can be used for isoprenoids synthesis which are precursor to products such as ubiquinone, farnesol and geranylgeraniol which are used for prenylation of different proteins. Prenylation enables these proteins to bind to cell membrane and so activate several signaling pathways. Small "GTPases" and 'lamins' are the major targets of prenylation.^[@R41]^

Ras GTPases as prenylated proteins initiate a cascade of signaling events which culminate in up-regulation of cell growth. Rab GTPases as another target of prenylation, regulate organelle biogenesis and intracellular vesicular trafﬁcking.^[@R42]^

Also, inhibition of HMGCR reduces supply of ubiquinone as an important part of mitochondrial electron transport.^[@R41]^

In summary, the cholesterol synthesis reduction leads to disruption of the growth signaling pathways; reduction of the translocation of receptors to the plasma membrane and also reduction of the energy production. These effects induce apoptosis in myocytes^[@R43]^ as the most remarkable adverse effect of statins.

Cholesterol and bile acids absorption in the intestine and therapeutic aims {#s8}
===========================================================================

Intestine plays a remarkable role in cholesterol metabolism through synthesis of cholesterol and absorption of cholesterol and bile acids in duodenum and ileum respectively (see [Figure 2](#F2){ref-type="fig"}).
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The cholesterol *de novo* biosynthesis versus dietary intake has been estimated as a ratio of \~70:30.^[@R44]^

Niemann-Pick C1Like 1 (NPC1L1) protein is the main proteins involved in the intestinal cholesterol absorption. The heterogeneous NPC1L1expression has the higher levels in the duodenum and jejunum, and the lower levels in the ileum.^[@R45]^

Also, 90%--95% of bile salts are reabsorbed in the ileum and these salts are transferred to the hepatocytes.^[@R46]^ In the liver, bile acids impose feedback-regulatory effects upon the synthesis of cholesterol and also their own synthesis. Bile acids have also been shown to alter the rate of cholesterogenesis in the small intestine.^[@R47]^ On the other hand, it has been emerged that excretion of bile acids in addition to the trans-intestinal cholesterol excretion (TICE) are the major pathway of cholesterol elimination from the body.^[@R48]^ Therefore, fluctuations of bile acids synthesis/absorption can affect cholesterol metabolism and vice versa as it has been shown that the reduced cholesterol levels in the liver by statins lead to further absorption of bile/diet cholesterol.^[@R49]^

Regarding the roles of ileum as the major site of bile acids absorption and a potent site of cholesterol synthesis in the body, it can be considered for treating of hypercholesterolemia.

Gastro-intestinal resections such as ileo-anal pouch, proctocolectomy and ileostomy may reduce the body cholesterol content^[@R50]^; therefore, resection of ileum, can be considered for more investigation in treating of patients with *hereditary* hypercholesterolemia.

In summary, different types of hyperlipidemia show different responses to statins. Understanding of cholesterol metabolism can be useful in treating of different types of hyperlipidemia.

Conclusion {#s9}
==========

Cholesterol is an important bio-molecule in the body. The therapeutic effect of statin is not because of reduction of cholesterol; even it can be considered as one cause of the statin side effects, however it is because of the reduction of oxidized cholesterol through "reduction of the cholesterol half-life" in the body and subsequently reduction of the oxidized cholesterol content in circulation

It seems up-regulation of the HMGCR expression as a response to reduction of whole body cholesterol, cannot compensate the cholesterol deficiency in the liver. Thus extra-hepatic tissues such as gastrointestinal tract and adipose tissue gain the potential of synthesis of additional cholesterol to maintain cholesterol homeostasis in the body. Moreover, the intestinal absorption of cholesterol is the further mechanism for providing of required cholesterol in the body. Understanding of these mechanisms could be useful in disclosing of the mechanisms underlying the adverse effects of statins.

Future work {#s10}
===========

In vitro targeting adipose tissue and ileum as the leading sites of cholesterol synthesis can be considered for more investigations as the therapeutic ways to improve the severe form of hypercholesterolemia.

In severe hereditary hypercholesterolemia like as familial hypercholesterolemia, surgical procedures such as "limited-ileostomy" (removing only limited portion of ileum, not as total ileostomy in the case of ileal cancers) can be considered for further investigations.
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